Theory and experiment are combined to gain an understanding of the electronic properties of OsO 2 , a poorly studied metallic oxide that crystallizes in the rutile structure. Hard and soft valence-band x-ray photoemission spectra of OsO 2 single crystals are in broad agreement with the results of density-functional-theory calculations, aside from a feature shifted to high binding energy of the conduction band. The energy shift corresponds to the conduction electron plasmon energy measured by reflection electron energy loss spectroscopy. The plasmon satellite is reproduced by many-body perturbation theory.
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Theory and experiment are combined to gain an understanding of the electronic properties of OsO 2 , a poorly studied metallic oxide that crystallizes in the rutile structure. Hard and soft valence-band x-ray photoemission spectra of OsO 2 single crystals are in broad agreement with the results of density-functional-theory calculations, aside from a feature shifted to high binding energy of the conduction band. The energy shift corresponds to the conduction electron plasmon energy measured by reflection electron energy loss spectroscopy. The plasmon satellite is reproduced by many-body perturbation theory. DOI: 10.1103/PhysRevMaterials. 3.025001 The physics of the heavier 5d transition metals has seen a surge of interest in the past decade, due to the coincidence of energy scales of spin-orbit coupling (SOC), crystal field splitting, and electron correlation effects. Research to date has focused heavily on iridates where magnetic instabilities, transitions from metallic to insulating states, the promise of topological insulating phases, superconductivity, and other exotic condensed matter physics continues to generate significant research activity [1, 2] . In contrast, the physics of osmates is only now starting to be explored, principally where osmium exists in the +5 oxidation state (d 3 ). For example, the pyrochlore Cd 2 Os 2 O 7 has been shown to display a multiplespin-flip magnetic excitation [3] , and the perovskite NaOsO 3 has been shown to go through a metal-insulator transition, driven by magnetic correlations [4] . In addition, the double perovskites Ca 3 LiOsO 6 and Ba 2 YOsO 6 have been shown to host a spin-orbit entangled J = 3/2 electronic ground state [5, 6] . Further systems continue to be reported, but as can be seen, in comparison to iridates, exploration of the condensed matter physics of osmates remains in its infancy.
In contrast to the ternary and quaternary osmates the binary oxide OsO 2 belongs to a group of transition-metal dioxides, including IrO 2 , RuO 2 , PtO 2 , TcO 2 , and ReO 2 , which crystallize in the rutile structure and show metallic behavior [7] [8] [9] [10] . Compared to the majority of SOC-driven 5d transitionmetal oxides, the electronic structure of the rutile binaries can be explained with crystal-field arguments put forward by Goodenough [11] . Despite the conceptually simple explanation for the bulk electronic structure, there exists significant complexity and subtlety in the band structure which is waiting to be explored. For example, the electronic structure of IrO 2 and OsO 2 has been predicted to host Dirac nodal lines [12, 13] , a feature that has been theoretically proposed to be important for the spin Hall effect.
OsO 2 itself is a metallic low-spin d 4 compound with a reported room-temperature resistivity on the order of 1.5-6.0 × 10 -5 cm [14, 15] . Very little is known about this oxide due to the difficulty of obtaining high-quality samples and its tendency to form OsO 4 , a highly volatile and toxic compound, as on heating or sputtering OsO 2 readily disproportionates [16, 17] . Therefore, experiments with OsO 2 , and particularly surface science measurements, suffer from significant limitations regarding sample treatment and surface preparation, which has restricted the study of OsO 2 to date.
This work presents an in-depth study of OsO 2 single crystals by high-resolution soft and hard x-ray photoelectron spectroscopy (SXPS and HAXPES), in combination with reflection electron energy loss spectroscopy (REELS). Experiments are complemented by theoretical calculations within the framework of density functional theory (DFT) and manybody perturbation theory within the "GW plus cumulant" (GW+C) approach. Based on this holistic approach, a detailed overview and some insights into the electronic structure of OsO 2 are provided.
Single crystals of OsO 2 were prepared by oscillating chemical vapor transport as described in detail elsewhere [15] . Crystals of several mm in size were obtained which are coppery-brown with a gold luster. The structural purity of the samples was confirmed by using powder x-ray diffraction (PXRD). Powder x-ray diffraction data of finely ground powder of OsO 2 were collected on a Bruker D8, using CuKα radiation and a 2θ step size of 0.01943
• . Profile fitting and subsequent Rietveld refinement have been performed using TOPAS Academic, v5.0. The x-ray photoelectron spectra were recorded at two facilities. Laboratory-based XPS on the single crystals was conducted at Imperial College (London, UK) on a Thermo Scientific K-Alpha + x-ray photoelectron spectrometer (base pressure 2 × 10 −9 mbar), incorporating a monochromated, microfocused Al Kα x-ray source (hν = 1486.6 eV) and a 180
• double focusing hemispherical analyzer with two-dimensional detector. The x-ray source was operated at 6 mA emission current and 12-kV anode bias. Data were collected using a 400 μm x-ray spot and a pass energy of 200 eV for survey and 20 eV for core level and valenceband spectra. HAXPES were collected at the I09 beamline at the Diamond Light Source, UK. A double-crystal Si (111) monochromator was used to select 2.50-, 5.93-, and 8.14-keV photons, which for simplicity will be further referred to as 2.5, 6, and 8 keV. The resulting total experimental resolution was evaluated at each energy by measuring the Fermi edge of a polycrystalline gold reference sample and fitting the data to a Gaussian-broadened Fermi-Dirac distribution. To ensure a comparable energy resolution of 250-300 meV for all energies, Si (004) and Si (044) channel-cut crystals were employed as a postmonochromator for the measurements at 5.93 and 8.14 keV. The end station is equipped with a VG Scienta EW4000 electron analyzer with ±30
• angular acceptance. REELS data were recorded on a Thermo Scientific NEXSA XPS system using its flood gun as a primary electron gun with a beam energy of 980 eV and an emission current of 5 μA. The system uses a 180
• double focusing hemispherical analyzer with a two-dimensional detector to measure the backscattered electrons at a pass energy of 5 eV.
Density-functional theory, as implemented in the Vienna Ab initio Simulation Package (VASP), was employed for the calculations of the band structure and density of states [18] [19] [20] [21] . VASP is a plane-wave DFT code in which the interactions between the core and valence electrons are described using the projector augmented wave method [22] . This study employed the PBEsol functional [23] a version of the Perdew-BurkeErnzerhof (PBE) [24] functional reparameterized for solids, which has been shown to accurately predict the lattice parameters for similar rutile systems [25, 26] . For the six-atom unit cell of OsO 2 , a plane-wave energy cut-off of 450 eV and 12 × 12 × 16 k-point mesh centered at the point of the first Brillouin zone were required to achieve convergence. The unit cell was geometrically relaxed until the forces on all atoms totalled less than 10 meV Å −1 . When calculating electronic properties, special attention was paid to relativistic effects through use of scalar relativistic pseudopotentials and explicit treatment of SOC [27] .
To capture many-electron effects beyond DFT, many-body perturbation theory calculations using the GW+C approach were carried out. In recent years, the GW+C approach has been established as the state-of-the-art method to simulate photoemission spectra of bulk solids and nanomaterials with weak or moderate electron correlations [28] [29] [30] [31] [32] [33] [34] [35] [36] . Notably, this approach accurately describes both quasiparticle and plasmon satellite features in the electron spectral function, which is measured in photoemission experiments. However, few applications of the GW+C approach to oxide materials have been reported in the literature [33, 34, 37] .
In the GW+C approach, the spectral function of an electron in band n with crystal momentum k is given by [29] A nk (ω) = e
where E nk and γ nk denote the quasiparticle energy and linewidth, respectively; ω pl is the plasmon energy at small wave vectors; and a nk = (1 − Z nk )/Z nk with Z nk being the quasiparticle renormalization factor. To evaluate Eq. (1), we obtained E nk and Z nk using G 0 W 0 calculations as implemented in the BerkeleyGW programme package [38] . As mean-field starting point, we used a DFT-PBE calculation [39] and then computed the electron selfenergy using a 40-Ry cutoff for the screened Coulomb interaction and a summation over 1500 Kohn-Sham states. Finally, the experimentally measured plasmon energy is used in Eq. (1). We have also calculated the plasmon energy using the random-phase approximation and found that this overestimates ω pl by a few tenths of an eV. Figure 1 shows the PXRD measurement including the result of the Rietveld refinement. In good agreement with previous reports, OsO 2 crystallizes in the well-known rutile structure (see inset in Fig. 1) , with lattice parameters of a = 4.49907(3)Å and c = 3.18555(5)Å [14, 16, 40] . The structure parameters found for the present samples, literature values, and the values derived from theory are summarized in Table I . The x value of the observed oxygen position is 0.3044(2), which is in good agreement with the calculated value of 0.30884.
Photoelectron spectroscopy of the core levels of OsO 2 provide an opportunity to interrogate the electronic structure of the material. The overlapping Os 4 f and 5p core levels of OsO 2 [see Fig. 2(a) ] show a strong response to a change in excitation energy, as would be expected from their theoretical cross sections (see Fig. 1 in the Supplemental Material for Os and O cross sections calculated using the Galore software package) [41, 42] . The Os 4 f cross section decays more rapidly on an increase in photon energy compared to the 5p one, leading to a crossover at around 2.6 keV. This results in a dramatic increase with the photon energy of the contribution from Os 5p close to the 4 f core level. The core levels show a distinctly asymmetric line shape due to the metallic nature of OsO 2 , which has been observed in two previous reports on these core lines [15, 43] . Asymmetry in the core levels of metallic metal oxides can be attributed to conduction electron screening effects [44] [45] [46] [47] [48] [49] [50] . The best peak fits [see Fig. 2 (b) for a representative peak fit] were obtained by describing each line using two separate contributions: a main line combined with a higher binding energy feature referred to as the satellite (sat) line. Overall, while the 4 f line is indeed very sharp with a full width half maximum (FWHM) of less than 0.5 eV, the 5p lines are much broader with a FWHM of larger than 1.5 eV. The spin orbit splitting for the 4 f pair could be exactly determined to be 2.7 eV, with binding energies of 51.2 and 53.9 eV for 4 f 7/2 and 4 f 5/2 , respectively. The separations between the main peaks and the satellites were found to be close to the conduction electron plasmon energy, to be discussed in more detail below (the satellite separations were 2.1 eV for 4 f 7/2 and 1.9 eV for 4 f 5/2 , as compared to a plasmon energy of 1.85 eV). Due to the very low cross section for the 5p line in commonly used soft XPS, no reliable experimental data are available for its spin orbit splitting. The use of HAXPES at high photon energies in the present case allows the extraction of a value of 12.0 ± 0.25 eV, with the uncertainty connected to the strong overlap between the main 5p 1/2 component and the 4 f 5/2 satellite. This overlap made it impossible to perform a meaningful and robust decomposition of the 5p 1/2 peak into its two expected components. The electronic band structure and density of states of OsO 2 , calculated using PBEsol+SOC, are shown in Fig. 3 . The band structure confirms the metallic nature of OsO 2 , with four bands crossing the Fermi level, in agreement with previous calculations [7] . The limited dispersion of these bands gives rise to a relatively large density of states at the Fermi level. It is also in good agreement with the recently reported band structure by Sun et al. [12] , where they have predicted the presence of Dirac nodal lines in the band structures of a series   FIG. 2 . The x-ray photoelectron spectra of the Os 4 f and 5p core levels (a) collected at varying excitation energies and (b) peak fit of the spectrum at 6 keV. of metallic rutile oxides, including OsO 2 , which are proposed to contribute to large spin Hall conductivity [51] .
Only one experimental measurement of the valence band (VB) of OsO 2 , obtained using Al Kα x-rays, has been reported in the literature [17] , but the low energy resolution and poor signal-to-noise ratio prohibited a detailed investigation of the VB features. Therefore, Fig. 4(a) shows high-resolution valence band spectra measured across a range of photon energies hν, specifically 1.5, 2.5, 6, and 8 keV. The four spectra are normalized to their maxima to aid comparison. The valence band spectra look near identical across the different photon energies, as they are dominated by Os 5d states at all four energies due to the large 5d cross sections (see Fig. 1 in the Supplemental Material) [42] . Three major features are observed at 0.7 eV (I), 5.8 eV (II), and 8.2 eV (III). In Fig. 4(b) , the valence band spectrum collected at hν = 6 keV is compared to the cross-section-weighted density of states from DFT calculations. We find good agreement between In addition to these three major peaks, a small feature (marked with an asterisk in Fig. 4 ) at a binding energy of 2.7 eV is observed. The position of this additional feature is independent of photon energy and its binding energy position is 1.9 eV higher than that of feature I. Interestingly, this feature is not captured by the DFT DOS, suggesting that it originates from many-body effects, such as the excitation of a plasmon in response to the creation of a hole in the conduction band. To confirm this hypothesis, we have measured the plasmon energy of OsO 2 using REELS, see Fig. 6(a) . A clear plasmon feature at 1.85 eV above the main zero loss peak is observed. Using the experimentally measured plasmon energy, we have calculated the GW+C spectral function of OsO 2 , see Fig. 6(b) , and find it to be in good agreement with the experimental spectrum. In particular, the position of the feature marked by the asterisk is reproduced, indicating that it can be interpreted as a plasmon satellite, with an energy separation similar to that found for the core levels.
Although the plasmon model accounts for most aspects of the satellite structure, it must be noted that alternative approaches exist. These include dynamical mean-field theory, [52] , and the Kotani local screening model [48] . The latter involves the Coulomb potential associated with a core hole pulling a state out of the conduction band to give a localized trapped state. A low-binding-energy screened final state arises from filling of the trapped state while for the unscreened final state at higher binding energy the trap remains empty. Despite discussion of the different screening models over many years [52] [53] [54] [55] [56] [57] , it remains a challenge to reconcile these approaches and to establish the contributions of the alternative mechanisms to valence and core hole screening.
In summary, this paper presents a comprehensive exploration of the electronic structure of osmium dioxide, which, due to the challenges in preparation, has received less attention than the other metallic rutile oxides. Both core-level and valence-band photoemission spectra have provided insights into the electronic structure of OsO 2 , and in combination with theoretical calculations it is possible to identify all occupied state features in the spectroscopy results, including a lowenergy plasmon satellite. These results form the basis for further investigations of this interesting metallic rutile oxide, and based on recent rapid developments in the field of iridates and ruthenates, this work on the parent oxide of the osmates, OsO 2 , presents a case to further explore these fascinating materials.
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